An experimental study of pool boiling heat transfer was conducted for two types of micro-pin-finned surfaces [staggered micro-pin-fins with dimensions of 30 × 30 × 60 µm 3 (width × thickness × height, named PF30-60-60) and cylindrical micro-pin-fins with dimensions of 38 × 60 × 60 µm 3 (diameter × pitch × height, named PF38-60-60)], a nanowire surface, and a TiO 2 porous surface. The experimental conditions covered three different liquid subcoolings (15, 25, and 35 K), in which dielectric liquid FC-72 was used as the working fluid. Micro-pin-finned surfaces have strong liquid supply capacity and small flow resistance. Therefore, micro-pin-finned surfaces were observed to have much higher critical heat flux (CHF) than that of the smooth surface (Chip S). However, for the nanowire and TiO 2 porous surfaces, their very small micro/nanostructures increased the liquid flow resistance and obstructed the liquid supplement. Therefore, their CHF enhancement was not obvious compared to that of Chip S. PF38-60-60 showed the best heat transfer performance, with over 120% increase in CHF compared to Chip S and the lowest superheat in the nucleate boiling heat transfer region. The micro/nanocavity diameter of the nanowire surface was consistent with the effective diameter of the nucleation sites. Therefore, an obvious increase in heat transfer coefficient was found. In contrast, the TiO 2 porous surface did not improve the heat transfer coefficient significantly because the nanocavity diameter was too small and could not be effective in the nucleation sites.
INTRODUCTION
Boiling heat transfer is an efficient method used to cool electronic devices with extra-high heat flux due to high latent heat release from the phase change. As a passive technique, surface modification has proven to be one of the most efficient methods used in boiling heat transfer enhancement. With the rapid development of micro/nano-fabrication technology, microstructures and nanostructures have been fabricated on heated surfaces to enhance nucleate boiling heat transfer.
Treated surfaces have been found to have great potential in enhancing boiling heat transfer from electronics, significantly reducing the surface temperature and increasing the critical heat flux (CHF). Usually, treated surfaces NOMENCLATURE A heat transfer area (cm 2 ) A M /A S surface area enhancement ratio CHF critical heat flux (W · cm −2 ) D h /L c capillary resistance number h heat transfer coefficient
Greek Symbols ∆T sat wall superheat [= T w − T sat (K)] ∆T sub liquid subcooling [= T sat − T b (K)] δ t thermal boundary layer thickness (µm) κ l liquid heat conductivity coefficient (W · m −1 · K −1 ) ρ v density of the vapor phase (kg · m −3 ) σ surface tension (N · m −1 ) φ porosity ω critical heat flux intensifying factor are used for nucleate boiling heat transfer enhancement by applying some micro/nanostructures on the surface to make the surface capable of trapping vapor and keeping the nucleation sites active, increasing the effective heat transfer area, and modifying the wettability. Until now, many kinds of micro/nanostructures have been observed, such as porous lattice-structured surfaces (Wong and Leong, 2018) , nanoparticle deposited surfaces (Souza et al., 2014) , nanowires arrays (Chen et al., 2009) , microstructured surfaces with rectangular elements (Kandlikar, 2013) , lasermade hydrophobic/superhydrophilic polydimethylsiloxane silica-patterned surfaces (Zupančič et al., 2015) , silicon micro/nanostructures (Dong et al., 2014) , two-level hierarchical surfaces with patterned copper nanowire arrays (Wen et al., 2017) , and micro-grooved surfaces (Sun et al., 2017) . These surfaces can actually enhance boiling heat transfer by increasing the nucleate site number and effective boiling heat transfer surface area. Compared with smooth surfaces, treated surfaces have smaller wall superheat, lower onset temperature of nucleate boiling, and higher CHF. However, the boiling heat transfer is severely deteriorated in the high heat flux region. The reason is that in the high heat flux region, the heater surface is covered by bubbles, which prevent the fresh liquid from being supplied to the heater surface for evaporation. Wei and his coworkers (Wei and Honda, 2003; Wei et al., 2005 Wei et al., , 2009 Zhang et al., 2018) have made noticeable progress in nucleate boiling enhancement using micro-pin-fins that were fabricated on silicon surfaces using the dry etching technique. It is supposed that the regular interconnected channels formed by the micro-pin-fins can provide a route for fresh liquid supply even at high heat fluxes. The liquid can be driven by the capillary force caused by the bubbles staying on the top of the micro-pin-fins. The results showed that the boiling curves are almost vertical even in the high heat flux region, the temperature of the heated surface decreased, and the heat transfer capacity improved remarkably. Over the last couple of decades, the influence of wettability and wickability on heat transfer enhancement has been investigated extensively. Kandlikar (2001) developed a theoretical model that considered the effects of the contact angle and orientation in pool boiling CHF prediction. Bourdon et al. (2015) proved that wettability of the surface is a very important factor that can change nucleate boiling heat transfer performance. The effect of the wickability of superhydrophilic surfaces has also been studied systematically by Ahn et al. (2012) and Rahman et al. (2014) , who proposed some correlations to predict the pool boiling CHF of superhydrophilic surfaces. Most of these studies have focused on the relationship between wettability/wickability and heat transfer performance when using water as the working fluid. Very recently, Cao et al. (2018) and Liu et al. (2019a) also found that for the dielectric fluid, such as FC-72 with low surface tension, the wickability instead of the wettability is the key origin of pool boiling CHF enhancement. Therefore, not only the morphology of the treated surfaces, but also the wickability of the surface should be taken into account when using low-surface-tension dielectric fluid as the working fluid in boiling heat transfer. This paper presents the results of an experimental study on pool boiling heat transfer, which was conducted on micro-pin-finned, nanowire, and TiO 2 porous surfaces. The effects of the shape of the micro-pin-fins were studied. Also, the heat transfer performance of the nanowire and TiO 2 porous surfaces was investigated.
EXPERIMENTAL APPARATUS AND METHOD

Experimental Apparatus for Pool Boiling Heat Transfer
The experimental apparatus for pool boiling heat transfer consisted of a boiling chamber, test chip section, data acquisition system, and electric heating device. Figure 1 schematically illustrates the test system. The boiling chamber (120 × 120 × 110 mm 3 in size) was made of polymethyl methacrylate. It was filled with ∼ 1.5 L of air-dissolved FC-72, the test liquid, at a saturation temperature (T sat ) of 55.7 • C under atmospheric pressure. A rubber bag to maintain the atmospheric pressure in the chamber was connected to the top of the pool. Meanwhile, a semiconductor refrigeration component was mounted on the cover plate of the test vessel to keep the test liquid temperature at the desired value. In this way, the subcooling conditions could be adjusted during different test experiments.
A 10 × 10 × 0.5 mm 3 chip made of P-doped N-type silicon was adopted in the experiment as the heater element. The heater structure and test section are illustrated in detail in Fig and thermal conductivity k of ∼ 120 W/(m · K). The chip was Joule heated by a direct current through two 0.25mm-diameter copper wires that were soldered to the two opposite edges of the chip. In order to avoid huge contact resistance between the semiconductor silicon chip and the copper wire, an ultrasonic bonding method was applied while soldering them together. The contact resistance could be reduced to a negligible value by using this method. A 0.13-mm-diameter T-type thermocouple for local wall temperature (T w ) measurement was bonded at the center of the bottom surface of the test chip using high thermal conductivity epoxy adhesive; the details of the heater structure are shown in Fig. 2(a) . The local temperature of the bulk liquid (T b ) was measured by a 0.3-mm-diameter T-type thermocouple positioned ∼ 20 mm from the edge of the test chip and 40 mm above the chip level to avoid being affected by bubbles. The deviation of the measured temperature of the bulk liquid was less than 0.5 K. The details of the test section are shown in Fig. 2 (b).
Experimental Method and Conditions
The test chip was supplied by the programmable direct current power. Therefore, the heating power could be calculated by the product of current I and voltage U across the chip, and then the heat transfer coefficient (HTC) could be calculated with the area of chip surface A, temperature of heating chip T w , and working fluids T b using the following expressions:
The experiment was repeated three times for each heater surface. The time interval between the subsequent runs was longer than 2 hours. The boiling curves showed good repeatability in all cases except for a little fluctuation at the boiling incipience point. Thus, for each group only one of the results is presented in the paper. For the high heat flux value, every input voltage step was reduced to a smaller value in order to satisfactorily monitor the wall temperature. Once the chip temperature variation was detected as being larger than 10 K or the current had decreased continuously and sharply, which indicated the occurrence of CHF, the power supply was immediately shut down. The CHF value was computed as the steady-state heat flux value just prior to the shutdown of the power supply.
In the experiment, the uncertainty of the temperature caused by the thermocouple measurement was less than 0.4 K. Wall temperature uncertainty may result in errors due to thermocouple calibration by using a platinum resistance thermometer (0.03 K), temperature correction for obtaining surface temperature based on the measured value at the bottom of the chip (0.2 K), temperature unsteadiness (0.1 K), and thermocouple resolution (less than 0.1 K). The heat power of a 1-cm 2 chip equals the multiplication of the current and voltage across the chip. Here, the heat uncertainty caused by the constant current source was 0.11%, which included 0.045% of the current and 0.1% of the voltage. The uncertainties were 0.5% and 0.5% for the length of chip L and the width of chip b, respectively, and the input heat flux error was calculated as being less than 1.0%; more details on the uncertainty analysis can be found in our recent article (Liu et al., 2019a) .
The heat transfer performance of pool boiling over the structured surfaces and the smooth surface (named Chip S), was investigated under different liquid subcoolings (15, 25, and 35 K) . Figure 3 shows scanning electron microscope (SEM) images of the different micro-pin-fins, nanowire surface, and TiO 2 porous surface. The staggered micro-pinfins with the dimensions of 30 × 30 × 60 µm 3 (width × thickness × height, named PF30-60-60) were fabricated by the dry etching technique, as shown in Fig. 3(a) . Figure 3 same as PF30-60-60. As shown in Fig. 3(c) , the nanowire surface was fabricated on a silicon surface by the etching technique. The height of the nanowire was ∼ 10 µm, and the diameter was between 200 and 500 nm. Moreover, the TiO 2 porous surface was formed by screen printing technology, in which the silicon wafer was covered with a layer of TiO 2 slurry and the average diameter of the TiO 2 particles was 10 nm, as shown in Fig. 3(d) . After that, the silicon wafer coated with the slurry was calcined at 500-600 • C.
RESULTS AND DISCUSSION
The Effect of Micro-Pin-Fin Shape
To study the effect of micro-pin-fin shape on boiling heat transfer, we designed two different shapes including cylindrical and square micro-pin-fins with the same specific surface area. Figures 4(a) -4(c) show the pool boiling heat transfer performance of PF38-60-60, PF30-60-60, and Chip S at ∆T sub = 15, 25, and 35 K, respectively. As shown in Fig. 4 , no distinct difference in heat transfer performance in the single-phase heat transfer region was observed between the micro-pin-finned surfaces and Chip S. In the single-phase heat transfer region, the temperature profile relationship in the liquid boundary layer can be assumed as linear, and the thermal boundary layer thickness δ t can be expressed as δ t = κ l /h sp , where κ l and h sp are the liquid heat conductivity coefficient and the heat transfer coefficient in the single-phase natural convection region, respectively (Li et al., 2008) . In the present study, h sp was ∼ 1000 W/(m 2 ∼ K) and δ t was ∼ 50-60 µm. Therefore, almost all of these three surfaces were in the thermal boundary layer, and the efficient heat transfer area was almost the same in each surface. Compared to Chip S, evident enhancement of the nucleate boiling heat transfer performance in PF38-60-60 and PF30-60-60 was observed, as shown in Fig. 4 . Additionally, PF38-60-60 showed better heat transfer performance, including HTC and CHF, than did PF30-60-60 and Chip S at all three subcoolings, and the maximum CHF values of PF38-60-60 were 2.24 and 1.13 times as large as that of Chip S and PF30-60-60, respectively. For the cylindrical micro-pin-fins, the flow resistance was much smaller than that of the square micro-pin-fins, and the fresh subcooled liquid was accelerated by thermocapillary force. As a result, a much more efficient heat transfer area appeared. surfaces are in the thermal boundary layer; therefore, the existence of the nanowires cannot enhance the heat transfer performance. Shin et al. (2014) studied flow boiling heat transfer on nanowire-coated surfaces and found that all of the surfaces showed a little higher surface temperature or nearly the same temperature when the Reynolds number was equal to 10,000 and 12,000 in the single-phase heat transfer region. They also pointed out that the existence of nanowire coating is a heat transfer obstacle compared with the smooth surface in the single-phase heat transfer region (Shin et al., 2014) . However, it is obvious that the differences in the heat transfer performance between the nanowire surface and the smooth surface are shown in the nucleate boiling heat transfer region. The nanowire surface has much lower wall temperature at the same heat flux. The critical heat flux of the nanowire surface increased by 38%, 29%, and 45% compared to that of Chip S at ∆T sub = 15, 25, and 35 K, respectively. Chen et al. (2009) reported that the pool boiling CHF of nanowire array surfaces can be increased by more than 100% using water due to the high surface tension forces offered by liquids in nanowire arrays. However, in the present study, the surface tension of FC-72 is very small (∼ 0.009 N · m); therefore, obviously, the liquid supply cannot be enhanced and the CHF augmentation in this study is not as high as that in water. Additionally, compared with the micro-pin-finned surface, as illustrated previously, since the surface temperature decreases gradually with increasing heat flux in the nucleate boiling heat transfer region clearly different phenomena can be observed. These phenomena have been reported in several publications (Chen et al., 2009; Kruse et al., 2016; Liu et al., 2019b) and are attributed to more concave surfaces with diameters of hundreds of nanometers to several microns, as shown in Fig. 3(c) , which are formed by nanowires that can be potential nucleation sites. According to the correlation proposed by Wang and Dhir (1993) , the diameter of the effective nucleation sites (D c ) can be calculated according to
The Effect of the Nanowire Surface
where σ, ρ v , and h f g are the surface tension, density of the vapor phase, and latent heat of the liquid, respectively; and ∆T w = ∆T sat + ∆T sub is the temperature difference between the heating surface and the bulk fluid. In the presented study, ∆T sat = 3-8 K in the nucleate boiling heat transfer region such that D c can be calculated as being in the range of 0.8-1.3 µm, which is consistent with the diameters illustrated in Fig. 3(c) . When the heat flux is large enough, more nucleation sites are activated and more bubbles are formed, and thus the heat is taken away.
The Effect of the TiO 2 Porous Surface
The comparison of the pool boiling curves of the TiO 2 porous surface and Chip S at ∆T sub = 15, 25, and 35 K are shown in Figs. 6(a)-6(c). It can be found from Fig. 6 that the heat transfer performance of the TiO 2 porous surface is close to that of Chip S both in the single-phase and nucleate boiling heat transfer regions, while for ∆T sub = 15 K in the high heat flux region the TiO 2 porous surface shows obvious heat transfer enhancement with lower superheat and much higher CHF. For CHF at ∆T sub = 25 and 35 K, the TiO 2 porous surface shows a little higher value compared to that of Chip S under the same experimental conditions. The main reason for this is that the diameter of the TiO 2 particles is too small, which is ∼ 10 nm, causing low-porosity porous structures to form. According to Eq. (3), the diameter of the effective nucleation sites of the TiO 2 porous surface under different subcoolings can be obtained, as illustrated in Fig. 7 . It can be found from Fig. 7 that the diameter of the nucleation sites decreases with an increase in the superheat but increases with an increase in subcooling. It can be found from Fig. 3(d) that there are a large number of nanocavities with the diameter in the range of tens of nanometers to approximate 300 nm; however, these cavities cannot be activated because their diameters are much smaller than that of the effective nucleation site's diameter (in the range of 300-1200 nm). Except for the high superheat conditions at ∆T sub = 15 K, the effective nucleate site's diameter is close to that of the nanocavities; therefore, the heat transfer performance of the TiO 2 porous surface outperformed the smooth surface. Nevertheless, Zhao et al. (2013) studied pool boiling heat transfer over a copper particle sintered surface and obtained better heat transfer performance; the diameter of the copper particles was ∼ 100 µm. Guo et al. (2012) also studied pool boiling heat transfer over a sintered surface, and the results indicated that increasing the particle diameter is good for enhancing boiling heat transfer, suggesting that the scale of the micro/nanostructures is very important in bubble nucleation. Figure 8 shows a comparison of the boiling curves of the micro-pin-finned surfaces, nanowire surface, TiO 2 porous surface, and Chip S at ∆T sub = 35 K. Some conclusions can be obtained from this comparison, as detailed subsequently in this section. First, in the single-phase heat transfer region, all of the surfaces showed almost the same heat transfer performance because most of these surfaces were in the thermal boundary layer and the efficient heat transfer area was almost the same in each case. Second, the micro-pin-finned surfaces showed much higher CHF than that of the smooth surface, while the CHF enhancement of the nanostructured surfaces, including the TiO 2 porous and nanowire surfaces, was not obvious compared to that of the smooth surface. This is because PF38-60-60 and PF30-60-60 have a strong capillary wicking force for liquid supply at high heat fluxes, while the characteristic size of the micro/nanostructures of TiO 2 porous and nanowire surfaces is too small, which enlarges the liquid flow resistant and cannot effectively improve the liquid supplement. Third, the nanowire surface showed pronounced heat transfer coefficient enhancement but the CHF was not improved significantly, while in most cases the TiO 2 porous surface cannot enhance heat transfer effectively. The origin of the phenomenon is that the diameter of the micro/nanocavities of the nanowire surface is consistent with the effective nucleation site diameter, while the diameter of the nanocavities of the TiO 2 porous surface is too small and cannot be the effective nucleation site. Finally, in the nucleate boiling heat transfer region, the cylindrical micro-pin-finned surface showed the best heat transfer performance, including the heat transfer coefficient and critical heat flux. This is may be due to the joint action of the large heat exchange area, the large capillary force, and the low flow resistance in the channel formed by the micro-pin-fins.
Comparison of Boiling Curves
In our previous study, we developed a correlation to predict the CHF of microstructured surfaces considering the surface area enhancement ratio (A M /A S ), capillary resistance number (D h /L c ), porosity (φ), and subcooling (∆T sub ) , which are expressed as follows:
where q CHF−M , q CHF−Zuber−Kutateladze , and ω are the CHF of the micro-pin-finned surface, CHF predicted by the Zuber-Kutateladze correlation (Zuber, 1959; Kutateladze, 1959) , and CHF intensifying factor, respectively. In the present study, the we can estimate them to be 6 and 0.4, respectively. Similarly, the A M /A S and φ values of the TiO 2 porous surface were less than 2.87 (Liu et al., 2019a) and less than 0.4 (Chen et al., 2009) , respectively. Then, the (A M /A S ) 0.1822 · (φ) 0.1369 value of the nanowire surface can be estimated as 1.23 and the (A M /A S ) 0.1822 · (φ) 0.1369 value of the TiO 2 porous surface is less than 1.07. The values of D h and L c are the hydraulic diameter of the microchannel and the capillary length, respectively. Compared to the micro-pin-finned surfaces, the D h /L c value of the nanowire and TiO 2 porous surfaces is much smaller because the characteristic size of micro/nanostructures is very small. Therefore, the ω value of the TiO 2 porous surface is much smaller than that of the other modified surfaces at the same subcooling. Although the nanowire surface has a slightly larger (A M /A S ) 0.1822 · (φ) 0.1369 value compared to that of the micropin-finned surfaces, the CHF is smaller than that of the micro-pin-finned surfaces due to its much smaller D h /L c value. Compared to PF30-60-60, PF38-60-60 has a similar (A M /A S ) 0.1822 · (φ) 0.1369 value but greater D h value. Therefore, PF38-60-60 was observed to have higher CHF than PF30-60-60 under the same subcooling conditions. The pool boiling heat transfer performance of PF38-60-60 is compared with the results reported in the literature on FC-72 in Fig. 9 . As can be seen, the heat transfer performance of PF38-60-60 is much better than that of the microporous coating surface (Arik et al., 2007) , porous graphite surface (Parker and El-Genk, 2005) , femtosecond laser (FSL)-processed surface (Liu et al., 2019b) , and microcavity surface (Yu et al., 2006) . In addition, the porous lattice structured surface (Wong and Leong, 2018) indicates much higher CHF than PF38-60-60. However, it should be noted that the aim of this study is to deal with the heat dissipation in electronic devices, where usually the operating temperature should be controlled within 85 • C. Therefore, PF38-60-60 shows much better heat transfer performance within the effective operating temperature. Besides, although the CHF of PF30-60-45 with nanoparticles is slightly higher than that of PF38-60-60, PF38-60-60 shows much lower wall superheat than PF30-60-45. Therefore, the heat transfer performance of PF38-60-60 can be a very efficient way of controlling electronic device heat dissipation.
The present study suggests that not all structured surfaces can effectively enhance pool boiling. To enhance the nucleate boiling heat transfer coefficient, the characteristic size of the micro/nanostructures should be consistent with the diameter of effective nucleation site, and to enhance the critical heat flux we should improve the liquid furnishing capacity by increasing the capillary force and decreasing the liquid flow resistance.
CONCLUSIONS
An experimental study of pool boiling heat transfer was conducted on micro-pin-finned, nanowire, and TiO 2 porous surfaces. FC-72 was used as the working fluid. The cylindrical micro-pin-finned surface PF38-60-60 showed the best heat transfer performance and the lowest superheat in the nucleate boiling heat transfer region. The achieved maximum heat flux was over 120% higher than that of Chip S. Obviously, the nanowire surface can enhance the heat transfer coefficient because its micro/nanocavity diameter is consistent with the diameter of the effective nucleation site, while the TiO 2 porous surface cannot significantly improve the heat transfer coefficient because the diameter of the nanocavities is too small and cannot be activated as in the nucleation sites. The CHF enhancement of nanostructured surfaces is not obvious compared to that of Chip S because their very small micro/nanostructures increased the liquid flow resistance and obstructed the liquid supply.
